The co-evolution of a supermassive black hole with its host galaxy 1 through cosmic time is encoded in its spin [2] [3] [4] . At z . 2, supermassive black holes are thought to grow mostly by merger-driven accretion leading to high spin. It is not known, however, whether below z < 1 these black holes continue to grow by coherent accretion or in a chaotic manner 5 , though clear differences are predicted 3, 4 in their spin evolution. An established method 6 of measuring the spin of black holes is through the study of relativistic reflection features 7 from the inner accretion disk. Owing to their greater distances from Earth, there has hitherto been no significant detection of relativistic reflection features in a moderate-redshift quasar. Here we report an analysis of archival X-ray data together with a deep observation of a gravitationally lensed quasar at z 5 0.658. The emission originates within three or fewer gravitational radii from the black hole, implying a spin parameter (a measure of how fast the black hole is rotating) of a 5 0:87 z0:08 À0:15 at the 3s confidence level and a . 0.66 at the 5s level. The high spin found here is indicative of growth by coherent accretion for this black hole, and suggests that black-hole growth at 0.5 # z # 1 occurs principally by coherent rather than chaotic accretion episodes.
The co-evolution of a supermassive black hole with its host galaxy 1 through cosmic time is encoded in its spin [2] [3] [4] . At z . 2, supermassive black holes are thought to grow mostly by merger-driven accretion leading to high spin. It is not known, however, whether below z < 1 these black holes continue to grow by coherent accretion or in a chaotic manner 5 , though clear differences are predicted 3, 4 in their spin evolution. An established method 6 of measuring the spin of black holes is through the study of relativistic reflection features 7 from the inner accretion disk. Owing to their greater distances from Earth, there has hitherto been no significant detection of relativistic reflection features in a moderate-redshift quasar. Here we report an analysis of archival X-ray data together with a deep observation of a gravitationally lensed quasar at z 5 0.658. The emission originates within three or fewer gravitational radii from the black hole, implying a spin parameter (a measure of how fast the black hole is rotating) of a 5 0:87 z0:08 À0:15 at the 3s confidence level and a . 0.66 at the 5s level. The high spin found here is indicative of growth by coherent accretion for this black hole, and suggests that black-hole growth at 0.5 # z # 1 occurs principally by coherent rather than chaotic accretion episodes.
When optically thick material, for example, an accretion disk, is irradiated by hard X-rays, some of the flux is reprocessed into an additional 'reflected' emission component, which contains both continuum emission and atomic features. The most prominent signature of reflection from the inner accretion disk is typically the relativistic iron Ka line (6.4-6.97 keV; rest frame) 8 and the Compton reflection hump 7 , often peaking at 20-30 keV (rest frame). However, the deep gravitational potential and strong Doppler shifts associated with regions around black holes will also cause the forest of soft X-ray emission lines in the approximately 0.7-2.0-keV range to be blended into a smooth emission feature, providing a natural explanation for the 'soft excess' observed in the X-ray spectra of nearby active galactic nuclei (AGNs) 9, 10 . Indeed, both the iron (Fe) line and the soft excess can be used to provide insight into the nature of the central black hole and to measure its spin 10 . Previous studies have revealed the presence of a soft excess in over 90% of quasars at 11, 12 around z , 1.7, and broad Fe-lines are also seen in =25% of these objects 11, 13 , suggesting that reflection is also prevalent in these distant AGNs. However, owing to the inadequate signalto-noise ratio resulting from their greater distances, the X-ray spectra of these quasars were necessarily modelled using simple phenomenological parameterizations 12, 14 . Gravitational lensing offers a rare opportunity to study the innermost relativistic region in distant quasars 15, 16 ; the 'lens' galaxy acts as a natural telescope, magnifying the light from the faraway quasar. Quasars located at 0.5 = z = 1 are considerably more powerful than local Seyfert galaxies (relatively nearby active galaxies) and are known to be a major contributor to the cosmic X-ray background 17 , making them objects of particular cosmological importance. 1RXS J113151.62123158 (hereafter RX J113121231) is a quadruply imaged quasar at redshift z 5 0.658 hosting a supermassive black hole (M bh < 2 3 10 8 M [ , where M [ is the mass of the Sun) 18 gravitationally lensed by an elliptical galaxy at z 5 0.295 (ref. 19 ). X-ray and optical observations exhibited an intriguing flux-ratio variability between the lensed images, which was subsequently revealed to be due to significant gravitational micro-lensing by stars in the lensing galaxy 15, 16 . Taking advantage of gravitational micro-lensing techniques, augmented by substantial monitoring with the Chandra X-ray observatory, a tight limit of the order of about ten gravitational radii (r g 5 GM/c 2 , where G is the gravitational constant, M is the mass of the black hole and c is the speed of light in vacuum) was placed 20 on the maximum size of the X-ray emitting region in RX J113121231, indicative of a highly compact 21 source of emission (less than about three billion kilometres, or 20 astronomical units, AU). The lensed nature of this quasar provides an excellent opportunity to study the innermost regions around a black hole at a cosmological distance (the look-back time for RX J113121231 is about 6.1 billion years), and with this aim Chandra and XMM-Newton have accumulated nearly 500,000 s of data on RX J113121231.
Starting with the Chandra data, fits with a model consisting of a simple absorbed power-law continuum, both to the data from individual lensed images (Extended Data Fig. 1 ) and to the co-added data (Extended Data Figs 2, 3 and 4), reveal broad residual emission features at low energies (=2-keV rest frame, the soft excess) and also around the Fe K energies (3.5-7-keV rest frame), which are characteristic signatures of relativistic disk reflection 10, 22 . To treat these residuals, we consider two template models based on those commonly used to fit the spectra of Seyfert galaxies 6, 23 and stellar-mass black-hole binaries 24 , and which have also at times been used to model local quasars 25 . The first is a simple phenomenological combination of a power-law, a soft-thermal disk and a relativistic Fe-line component ('baseline-simple'), and the second The green circles show the source extraction regions. For images A-C, we used a radius of 0.4920, whereas the source region for image D was set to 0.9840. Individual source and background regions were made for all 30 observations and spectra were extracted from the unsmoothed images. The colour (logarithmic) scale reflects the number of counts in each particular pixel ranging from 0 to a maximum of 212 counts.
employs a self-consistent blurred-reflection model together with a power law ('baseline-reflection'). In addition, both models include two neutral absorbers; the first to account for possible intrinsic absorption at the redshift of the quasar; and the second to account for Galactic absorption. We first statistically confirm the presence of reflection features in RX J1131-1231 using the baseline-simple model. Least-squares fits were made to all the individual Chandra spectra of image B (the lens galaxy creates four images, which we label A-D; see Fig. 1 ) simultaneously, allowing only the normalizations of the various components and the power-law indices to vary (Extended Data Fig. 1 ). The thermal component, used here as a proxy for the soft excess, is required at .10s and a Fisher's F-test indicates that the addition of a relativistic emission line to the combined Chandra data of image-B is significant at greater than the 99.9% confidence level. Tighter constraints (.5s) on the significance of the relativistic Fe line can be obtained by co-adding all Chandra data to form a single, time-averaged spectrum representative of the average behaviour of the system (Fig. 2 and Extended Data Fig. 3) .
The XMM-Newton observation also shows the clear presence of a soft excess below about 1.2 keV, again significant at .5s, and thanks to its high effective area above approximately 5 keV, it also displays the presence of a hardening (more high-energy photons) at high energies (Extended Data Fig. 6 ). An F-test indicates that a break in the power law at around 5 keV (Fig. 2 ) is significant at the 3.6s level of confidence. This hardening is consistent with the expectation of a reflection spectrum and can be characterized with the Compton reflection hump 7 . The unprecedented data quality for this moderate-z quasar (about 100,000 counts in the 0.3-8 keV energy range from each of the Chandra and XMM-Newton data sets) enables us to apply physically motivated, self-consistent models for the reflection features. We proceed by using the baseline-reflection model to estimate the spin parameter through a variety of analyses, including time-resolved and time-averaged analyses of individual Chandra images, using its superior angular resolution, and through analysis of the average spectrum obtained from all four lensed images with XMM-Newton. During the time-resolved analysis, the black-hole spin parameter as well as the disk inclination and emissivity profile were kept constant from epoch to epoch, whereas the normalizations of the reflection and power-law components, as well as the ionization state of the disk and the power-law indices, were allowed to vary between epochs (see the Supplementary Information for further details). In all cases, we obtain consistent estimates for the black-hole spin, which imply that RX J113121231 hosts a rapidly rotating black hole (Extended Data Fig. 5 and Extended Data Tables 1  and 2 ). Finally, to optimize the signal-to-noise ratio and obtain the best estimate of the spin parameter we fit the combined Chandra and XMM-Newton data of RX J1131-1231 simultaneously with the baseline-reflection model and find a~0:87 z0:08 {0:15 Jc=GM 2 (where J is the angular momentum) at the 3s level of confidence (and a . 0.66 Jc/ GM 2 at the 5s confidence level; Fig. 3 ). The tight constraint on the spin of the black hole in this gravitationally lensed quasar represents a robust measurement of black-hole spin beyond our local Universe. The compact nature of the X-ray corona returned by the relativistic reflection model used herein confirms the prior micro-lensing analysis 15, 16 , and hence moves the basic picture of X-ray emission in quasars away from large X-ray coronae 26 that may blanket at least the inner disk, and more towards a compact emitting region in the very innermost parts of the accretion flow, consistent with models for the base of a jet 27 . In addition to constraining the immediate environment and spin of the black hole, the analysis presented here has implications for the nature of the cosmic X-ray background. The best-fitting baseline-reflection model to the time-averaged Chandra and XMM-Newton spectra (Extended Data Figs 3 and 6) suggest that the source is at times reflection-dominated, that is, we find the ratio of the reflected to the illuminating continuum in the Chandra and XMM-Newton data to be f reflect /f illum 5 2.3 6 1. 02 with all parameters of the model allowed to vary. The contour was generated by adopting a model consisting of a power law together with a relativistic blurred reflection by an accretion disk, as well as two neutral absorbers: one at the redshift of the quasar and another local to our Galaxy (the baseline-reflection model). The fit was made to the co-added spectra from both XMM-Newton and Chandra simultaneously, with the assumption that the spin of the black hole, the inclination of the accretion disk and the total hydrogen in our line of sight does not change between observations. The dotted lines show the 99.99%, 99.73% (3s) and 90% confidence limits where it becomes clear that the supermassive black hole in RX J113121231 must be rotating with a spin a~0:87 
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and 0.47 6 0.15, respectively, in the 0.1-10-keV band (local frame; Extended Data Table 2 ). However, it must be noted that uncertainties in the size of the microlensed regions could affect the absolute value of this ratio. Nonetheless, this analysis clearly demonstrates the presence of a significant contribution from a reflection component to the X-ray spectrum of this z 5 0.658 quasar. The properties of RX J113121231 are consistent [11] [12] [13] [14] 16 with the known observational characteristics of quasars at 0.5 = z = 1, and our results suggest that the relativistic reflection component from the large population of unobscured quasars expected in this epoch 17 could significantly contribute in the 20-30-keV band of the cosmic X-ray background.
Although questions have previously been raised over whether reflection is a unique interpretation for the features observed in AGNs, the amassed evidence points towards this theoretical framework 23, 28 , and reached culmination with the launch of NuSTAR (the Nuclear Spectroscopic Telescope Array is an Explorer mission orbiting Earth that will allow us to study the Universe with high energy X-rays) in June 2012 and the strong confirmation of relativistic disk reflection from a rapidly spinning supermassive black hole at the centre of the nearby galaxy NGC 1365 (ref. 6). Nonetheless, there still remain possible systematic uncertainties, for example, owing to the intrinsic assumption that the disk truncates at the innermost stable circular orbit. Simulations have been performed that are specifically aimed at addressing the robustness of this assumption 29 , which found that emission within this radius is negligible, especially for rapidly rotating black holes, as is the case here.
The ability to measure cosmological black-hole spin brings with it the potential to study directly the co-evolution of the black hole and its host galaxy 1 . The ultimate goal is to measure the spin in a sample of quasars as a function of redshift and to use the spin distribution as a window on the history of the co-evolution of black holes and galaxies 4 . Our measurement of the spin in RX J113121231 is a step along that path, and introduces a possible way to begin assembling a sample of supermassive black-hole spins at moderate redshift with current X-ray observatories.
METHODS SUMMARY
We produced images for all 30 individual Chandra pointings ( Fig. 1 ; see Methods for details), and spectra were extracted over the 0.3-8.0-keV energy band for each of the four lensed images in each observation (all energies are quoted in the observed frame unless stated otherwise). Previous studies 16 have demonstrated that certain lensed images/epochs might suffer from a moderate level of pile-up 30 . We therefore exclude spectra that displayed any significant level of pile-up in all further analysis (see Methods for details and Extended Data Figs 7 and 8). The remaining spectra sample a period of approximately 8 years, which allows for both a time-resolved and time-averaged analysis of RX J1131-1231. We also analyse a deep XMM-Newton observation taken in July 2013, which provides an average spectrum of the four lensed images over the 0.3-10.0-keV energy range.
Online Content Any additional Methods, Extended Data display items and Source Data are available in the online version of the paper; references unique to these sections appear only in the online paper.
METHODS
Data reduction for Chandra. All publicly available data on RX J113121231 was downloaded from the Chandra archive. As of 13 March 2013, this totalled 30 individual pointings and 347.4 ks of exposure, during a baseline of nearly 8 years starting on 12 April 2004 (ObsID 4814) and ending on 9 November 2011 (ObsID 12834). We refer the reader to refs 16, 20 and 31 for details of the observations. We note that the work presented herein includes one extra epoch that was not used in the work of ref. 16 . This further observation (ObsID 12834) added 13.6 ks to their sample. Starting from the raw files, we reprocessed all data using the standard tools available 32 in CIAO 4.5 (http://cxc.harvard.edu/ciao/) and the latest version of the relevant calibration files, using the chandra_repro script.
Subpixel images were created for each observation and one such image is shown in Fig. 1 (observation 33 , which improve the spatial resolution of Chandra beyond the limit imposed by the Advanced CCD Imaging Spectrometer (ACIS) pixel size (0.4920 3 0.4920). This algorithm, EDSER, is now implemented in CIAO and the standard Chandra pipeline. Rebinning the raw data to 1/8 of the native pixel size takes advantage of the telescope dithering to provide a resolution of about 0.250. The EDSER algorithm makes ACIS-S the highest-resolution imager onboard the Chandra X-ray Observatory. See ref. 34 for a detailed imaging study of the nuclear region of NGC 4151.
Spectra were obtained from circular regions of radius 0.49299 centred on images A, B and C as shown in Fig. 1 and from a circular region of radius 0.98499 for the relatively isolated image D. Background spectra were taken from regions of the same size as the source located 499 away. In the case of images B and C, the backgrounds were taken from regions north and south of the sources, respectively. Owing to the high flux present in image A, the presence of a read-out streak was clear in some observations. In those cases, the background for image A was taken from a region centred on the read-out streak 499 to the east of the source. When the readout streak intercepted image D, its background was taken from a region also centred on the readout streak 499 to the northwest. In all other cases, the background for image D was taken from a region to the west of the source. Source and background spectra were then produced using specextract in a standard manner with the correctpsf parameter set to ''yes''. We produced four spectra representing images A, B, C and D for each of the 30 epochs as well as four corresponding backgrounds for each epoch. All spectra were fitted in the 0.3-8.0-keV energy range (observed frame) unless otherwise noted, and the data were binned using GRPPHA to have a minimum of 20 counts per bin to ensure the validity of x 2 fitting statistics. Some observations are known 16 to suffer from the effects of pile-up 30, 35 , we explore below the effect this might have on the results. Data reduction for XMM-Newton. We were awarded a 93-ks observation with XMM-Newton via the Director's Discretionary Time programme (Obs ID: 0727960301) starting on 6 July 2013. The observation was made with both the detectors of the European Photon Imaging Camera (EPIC-PN and EPIC-MOS) in the small window mode to ensure a spectrum free of pile-up. The level 1 data files were reduced in the standard manner using the SAS version 11.0.1 suite, following the guidelines outlined in the XMM-Newton analysis threads, which can be found at http:// xmm.esac.esa.int/sas/current/documentation/threads/. Some background flaring was present in the last 30 ks or so of the observation and this was removed by ignoring periods when the 10-12-keV (PATTERN 5 0) count rate exceeded 0.4 counts per second, again following standard procedures. Spectra were extracted from a 3099-radius region centred on the source with the background extracted from a source-free 5299-radius region elsewhere on the same chip. The spectra were extracted after excluding bad pixels and pixels at the edge of the detector, and we consider only single-and double-patterned events. Response files were created in the standard manner using RMFGEN and ARFGEN. Finally, the spectrum was rebinned with the tool GRPPHA to have at least 25 counts per channel and was modelled over the 0.3-10-keV range. We have also experimented with specgroup and grouped the data to minimum signal-to-noise ratios of 3, 5 and 10. We find that in all cases, the results are statistically indistinguishable from the 'group min 25' command in GRPPHA.
The observation was taken in the small window mode with a live time of 71%, so the final good exposure, after the exclusion of the background flares identified with EPIC-PN, was 59.3 ks. The observed EPIC-PN flux of about 1.41 counts per second is about 20 times below the levels where pile-up is expected to occur for this observational mode (see XMM-Newton documentations at http://xmm.esac.esa. int/external/xmm_user_support/documentation/uhb/epicmode.html). The EPIC-PN camera has the highest collecting area across the full 0.3-10.0-keV band, and it is also the best-calibrated camera for spectral fitting, so we have chosen to base our analysis on the spectrum obtained with this detector. However, we note that similar conclusions are also found with the EPIC-MOS. The EPIC-PN XMM-Newton spectrum is explored fully in the Supplementary Information.
Photon pile-up and the pile-up fraction. Pile-up occurs at high fluxes when multiple photons strike a detector pixel at approximately the same time (that is, less than the detector frame time), and are recorded as a single event of higher energy. A thorough description of the impact of pile-up in the X-ray spectra of bright sources observed by Chandra can be found in the Chandra ABC guide to pile-up at http://cxc.harvard.edu/ciao/download/doc/pileup_abc.pdf.
In this guide, the concept of ''pile-up fraction'' is used as a diagnostic of the level of pile-up experienced in a given observation. The pile-up fraction is expressed as a function of ''Detected counts per frame'' in figure 3 of the guide, where it is clear that even for the unrealistic case where all piled events are retained as 'good events' (that is, with a grade migration parameter of a 5 1), the pile-up fraction remains below 10% at about 0.18 detected counts per frame. For the suggested grade migration parameter of a 5 0.5, the 10% pile up level is closer to about 0.3 detected counts per frame.
In Extended Data Fig. 7 , we show the detected counts per frame over the entire 0.1-12-keV energy band for all images during the 30 epochs presented here. This quantity should not be confused with the count rate of a given observation, because it depends on the ACIS frame-time employed during the observation. Nor is it to be confused with the unknown incident counts per detector frame. For a summary of the frame-time (we use 'frame-time' to mean the sum of the static exposure time for a frame plus the charge transfer time), and exposure employed in the various observations presented here, see In generating Extended Data Fig. 7 , we have applied a point spread function (PSF) correction to account for the 0.49299 aperture used for images A, B and C and 0.98499 for image D. This correction was applied using the arfcorr tool detailed in http://cxc.harvard.edu/ciao/ahelp/arfcorr.html. arfcorr estimates the fraction of the source's count lying in the extraction region at each energy, and creates a copy of the ARF (ancilliary response files) with the energy-dependent correction applied. The correction was calculated in four different energy bins and the value for the counts enclosed in the 1.0-5.3-keV bin was used to scale the detected counts per frame as shown in Extended Data Fig. 7 . For all 30 epochs, the PSF correction caused an average increase in the true detected count rate by a factor of 1.69, 1.71, 1.69 and 1.21 for images A, B, C and D, respectively; The ranges for these factors are 1.45-2.09, 1.44-2.08, 1.45-2.05 and 1.17-1.24 for the four images, respectively, over all epochs.
We also show in Extended Data Fig. 7 the expected 'detected counts per frame' for a a pile-up fraction of 10%, assuming both an extreme grade migration parameter of a 5 1 (dotted) and the more physical value of a 5 0.5 (solid), as obtained directly from figure 3 of the Chandra ABC guide to pile-up described above. It is clear that a fraction of image A observations suffer from pile-up at the .10% level independent of the a parameter used. However, image B is only significantly affected by pile-up in the first epoch. We note that this first observation is the only one having a frame-time close to the nominal value of 3.241 s. All subsequent observations were performed with frame times of ,1 s, which is one of the standard procedures recommended to minimize pile-up.
Here it is important to note that in observations where pile-up is important, robust estimates of the pile-up fraction are not possible given its complex nature, and whether any given pile-up fraction should be considered statistically significant depends upon the scientific questions being addressed by the data. We show throughout this work that the results are not influenced by pile-up. Photon pile-up via grade ratios. To further investigate the effect of pile-up, radial plots of the ratio of the Japanese satellite Advanced Satellite for Cosmology and Astrophysics (ASCA) bad grades to good grades were created, that is, g 157 /g 02346 versus r. A ratio of less than 0.1 indicates that pile-up is less than 10% (ref. 36) . We focus on two observations: the very first observation in which image B is highly piled-up (epoch 1) and the highlighted epoch where image A is piled-up (epoch 23). In both observations the ratio of bad to good events is in excess of 0.1, where we find g 157 /g 02346 < 0.14 and 0.2 inside the inner arcsecond centred on images B and A in epochs 1 and 23, respectively. This demonstrates that pile-up is a concern in both observations, in agreement with Extended Data Fig. 7 , which shows these images having a pile-up fraction between about 25% and 30%. In addition, we note that a readout streak is present in epoch 23, facilitating a determination of the true spectral shape. The events in the readout streak are those detected in the 40 ms during which the ACIS detector is being read out, and so these events are not piled-up. Following standard procedures in http://cxc.harvard.edu/ciao/threads/streakextract/, the events in the readout streak were extracted, revealing a raw count rate of about one count per second per frame, consistent with expectations from Extended Data Fig. 7 . The spectrum of image A in epoch 23 (the image with the largest pile-up fraction of all epochs) was extracted from the readout streak. Fitting this spectrum with a simple power-law model revealed a spectral index C of around 1.8. For
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comparison, an extraction of the piled-up image A spectrum returns a spectral index of C < 1.6.
Below, we ignore all data with a pile-up fraction greater than about 10%, assuming a grade migration parameter of a 5 0.5. We also ignore the first epoch of image C and epoch 8 of Image-B. The results presented above and below confirm that the disk line properties of this moderate-z quasar are clearly unaffected at this level. The consistency between the results obtained with Chandra and XMM-Newton also attest to this robustness. This cut resulted in a combined exposure of 1.13 Ms from the remaining 16, 27, 29 and 30 spectra of images A, B, C and D, respectively. To begin, we will consider an observation from a single epoch (epoch 23) and examine it in detail. Brighter and dimmer images. We show in Extended Data Fig. 8a the spectra of images B, C and D for the 27.5-ks observation that took place on 28 November 2009 (ObsID 11540; epoch 23) . This observation is highlighted in Extended Data Fig. 7 and is representative of the brightest Chandra epochs used in this work. It is also the observation in which image A is at its brightest and therefore presents the largest chance of cross-contamination.
As a first attempt at modelling the observed spectra of epoch 23 with a simple power law, we use the pile-up model of ref. 35 (pile-up in XSPEC; an X-ray Spectral Fitting package available at http://heasarc.nasa.gov/xanadu/xspec/), which is explicitly designed for use on the brightest point sources observed by Chandra. We set the frame-time parameter to 0.741 s and use the default values for the remaining parameters. The grade migration parameter a is allowed to be free for image B, and is set to 0 for images C and D (that is, C and D are assumed not to suffer from any amount of pile-up). A single power law, even after accounting for possible pile-up effects in image B, does not provide a satisfactory description of the data with Fig. 8 that both the bright image B as well as the dimmer images C and D all display similar residuals to a power law. We therefore proceed by fitting these residuals with the baseline-simple model described below.
We fitted the spectra of the bright image B as well as the dimmer images C and D with an absorbed power law together with a relativistic line (the RelLine model 37 in XSPEC) and the disk black-body component (the DISKBB model in XSPEC) to mimic the soft-excess. The relativistic line is constrained to lie in the range 6.4-6.97 keV (rest frame). The total model is also affected by two neutral absorbers (the PHABS model in XSPEC): the first is to account for possible intrinsic absorption at the redshift of the quasar 19 (z 5 0.658); and the second is to account for Galactic absorption with a column density of 38 N H 5 3.6 3 10 20 cm
22
. In XSPEC terminology this model reads
ZPHABS|PHABS| ZPOWERLAWzDISKBBzRelLine ð Þ
We used the standard model cross-sections 39 and abundances 40 throughout this work but note that the results are not sensitive to different abundances or different models for the neutral absorption. The three spectra are fitted simultaneously with a normalization constant allowed to vary between them. Given that the three spectra describe the source at different times 41 , we also allow the power-law indices to vary. This model provides a good phenomenological description of the data (x 2 /n 5 457.7/405 5 1.13) as can be seen from the data-model ratio plot in Extended Data Fig. 8a (middle panel) .
In Extended Data Fig. 8b , we show the ratio after the removal of the soft component and the relativistic line (top) as well as to a simple power-law after re-fitting the data (bottom). This simple power-law model is not a good representation of the data ( {0:08 , respectively)-despite the factor of approximately three difference in their observed fluxes-would suggest that they are not suffering from the effects of pile-up (which increases with flux) in accordance with the low pile-up fraction found in Extended Data Fig. 7 . However, their proximity to image A could potentially result in flux contamination. Image D, on the other hand, will not, under any scenario, suffer from cross-contamination from image A and the residuals to a power law again look remarkably similar to the residuals present in images B and C (Extended Data Fig. 8b ), further arguing for the physical origin of these residuals. Nevertheless, we proceed by exploring whether these residuals could be an artificial effect due to pile-up or contamination from the brighter image A, under the flux levels characteristic of this bright epoch. MARX simulations. To undertake detailed ray-tracing simulations of the four images reported in this work, we used the latest version of the MARX suite of programs (MARX 5.0.0) which can be found, together with the user's manual, at http://space.mit.edu/cxc/marx/index.html. The methodology employed here follows directly from that recommended in the Chandra ABC guide to pile-up, and involves simulating a simple C 5 1.8 power-law at the exact coordinates of the four images. For each image we obtained the total 0.3-10-keV flux observed during epoch 23, and simulated an observation with a total exposure of 28 ks with MARX, using these fluxes as input. The MARXPILEUP program was then run on the simulated event file with the frame-time set to 0.7 s and the grade migration parameter a 5 0.9. This is higher than the default value of a 5 0.5, which serves to exaggerate the effects of pile-up. We note that image A is being simulated here only to assess its impact on the other images, and also that this epoch is the one where image A is at its brightest (see Extended Data Fig. 2) .
The simulated event file was reprocessed, and spectra were extracted and grouped for each image in exactly the same manner as the real data. A powerlaw fit to the simulated spectrum of image B yields an index of 1.78 6 0.04 at the 90% confidence level, in perfect agreement with the input spectrum. No further components were needed on top of the power law. Again we emphasize that this epoch is not representative of the remainder of the data and in fact represents the largest possible level of contamination experienced over all epochs. We have repeated the simulations with images B and C having a C 5 1.6 power law, whereas we have set images A and D to have a different value of C 5 1.8. The highly piled-up spectrum of image A returns C < 1.45 owing to the particularly high value of the grade migration parameter a used in our simulation. Nonetheless, even in this extreme example, we again recover the input, featureless spectrum for image B and the index is found to be 1.59 6 0.04, in excellent agreement with the input value. It is clear that even in our brightest observation (epoch 23; see Extended Data Fig. 7) , an intrinsic power-law spectrum would not be modified by either pile-up or crosscontamination in such a way as to explain the excess below about 1 keV and between 2 keV and 4 keV seen in Extended Data Fig. 8 . Photon pile-up and Chandra. Here, we have presented a detailed study on the effect of pile-up on our data. We have shown that there are instances when the data suffers from moderate levels of pile-up (.10%; Extended Data Fig. 7 ) and went on to remove these data from our analyses. By using the three images (images B, C and D) from the brightest epoch as a conservative example, we have shown that the residuals to a power law remain present in all cases (Extended Data Fig. 8 ), despite the different flux levels. This is contrary to the expected behaviour if the data were suffering from significant pile-up, and strongly supports a physical origin for these features, interpreted in this work as a soft excess and a broad Fe line.
As a further step in assessing any possible contribution pile-up may have in producing the features observed in the Chandra data, we performed detailed MARX simulations, again conservatively based on the brightest epoch, that is, the most susceptible to pile-up. To our knowledge, MARX simulations similar to those presented here provide the best estimate in characterizing the complex effect of pile-up, grade migration and cross-contamination. These simulations confirm that, even during this epoch, the data from images B and C should not be contaminated by the piled-up data in image A. We also note here that the XMMNewton observation (which is over an order of magnitude below the pile-up threshold) detailed in the Supplementary Information also displays similar features to those seen in the Chandra data, including a highly significant soft excess and Compton hump, and returns a consistent estimate for the black-hole spin. Fig. 1 and is representative of the brightest Chandra epochs used in this work. It is also the observation in which image A is at its brightest and therefore presents the largest chance of cross-contamination because sources are only about 199 apart. The spectra were fitted phenomenologically with a combination of power-law, DISKBB and RELLINE line profiles to describe the continuum, soft excess and Fe emission features, respectively. The ratios to the model are shown both with (centre) and without (bottom) the disk component representing the soft excess. The spectra of images B, C and D are shown in black, magenta and green, respectively. The power-law, DISKBB and RELLINE components for image B are shown in cyan, magenta and blue, respectively, with the total model shown as solid lines for the three images. b, Data-to-model ratio obtained after removing the RELLINE and DISKBB components (top) and after refitting with a single power law (bottom). The ratio for images B, C and D are shown in black, magenta and green, respectively, and have been rebinned for display purposes. Despite the different flux levels of these three images, it is clear that the residuals to a simple power law remains similar, suggesting that pile-up is not significant in the brightest observations of image B.
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